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It is a challenging  task  to reduce  the weight  and manufacturing  cost  of a lightweight  energy  absorbing
structure,  while  at  the  same  time  to  maintain  a reasonable  strength  and  structural  performance.  This
paper  investigates  the  energy  absorbing  characteristics  of the  sandwich  panels  based on spherical-roof
and  ﬂat-roof  composite  contoured  cores  subjected  to quasi-static  loading.  Initial  attention  was  focused
on  establishing  the  inﬂuence  of  the  core  proﬁle  and  core  cell  wall  thickness  on  the  energy  absorbing
characteristics  of  both  glass  ﬁbre reinforced  plastic  (GFRP)  and carbon  ﬁbre reinforced  plastic  (CFRP)
panels.  It has  been  shown  that  the  speciﬁc  energy  absorption  capacity  of  the  panel  increases  nonlin-
early  with  increasing  core  cell  wall thickness,  with  the  spherical-roof  cores  outperforming  their  ﬂat-roof
counterparts.  The  results  of  these  tests  were  compared  with  previously  published  data  on  a range  of  the
relevant  core  structures,  where  it has  been  shown  that the  energy  absorbing  characteristics  of  the  current
spherical-roof  system  are  superior  to other  core  structures,  such  as  aluminium  and  composite  egg-box
structures.  Finally,  a ﬁnite  element  analysis  was  undertaken  to predict  the  crushing  behaviour,  energy
absorbing  characteristics  and  the failure  modes  of  these  core  materials  in  reasonably  good  correlation
with  the  corresponding  test  results.
©  2016  Elsevier  Ltd.  All  rights  reserved.. Introduction
The superior energy absorption and crashworthiness properties
f composite materials have increasingly attracted a lot of atten-
ion from a range of sectors, including those associated with the
utomotive and aerospace industry [1]. A number of studies have
een undertaken to investigate the inﬂuence of core design, such
s metallic foam, egg-box and cellular cores, on energy absorption
1–13]. Periodic cellular core structures can be formed by a repeti-
ion of a well-deﬁned unit cell through an array that can be either
wo dimensional or three dimensional [2]. Amongst the variety of
ellular cores currently available, it is interesting to study a cel-
ular core or structure made up of an interconnected network of
ells. Egg-box is one of such structures. Energy absorbing struc-
ure based on aluminium egg-box was introduced to understand
ts collapse mechanism [3]. Experiments suggested that egg-box
tructures deform by either the rotation of a stationary plastic hinge
r by a travelling plastic knuckle, depending upon the in-plane
inematic constraints imposed upon the egg-box.
∗ Corresponding author.
E-mail address: a.k.haldar@liv.ac.uk (A.K. Haldar).
ttp://dx.doi.org/10.1016/j.mtcomm.2016.08.002
352-4928/© 2016 Elsevier Ltd. All rights reserved.Chung et al. [4] fabricated composite egg-box structures and
stated that their density, boundary conditions and geometry
affected the energy absorption. Fibre volume fraction and ﬁbre
architecture were varied by changing the stacking sequence of the
fabrics during the initial lay-up and draping. In these samples, two
parameters, namely ﬁbre volume fraction and ﬁbre architecture,
were modiﬁed to deﬁne the amount of energy absorbed by the
core. The production of foam ﬁlled egg-box sandwiches via auto-
clave curing was  explained by Yoo [5]. It consisted of draping the
prepregs onto the lower half of a silicone rubber mould, closing with
the upper half and vacuum bagging the tool with a breather fabric
and a nylon ﬁlm. The core was cured in an autoclave following a
speciﬁc heating cycle. Flat composite sheets were then attached to
the surfaces of the core using adhesive bonding, to create a sand-
wich panel. Moreover, a self-expanding foam with spraying gases
was sprayed into the core, with its cavities being completely ﬁlled.
The crushing behaviour, crushing force and energy absorption of
the egg-box cells, which are essential for comprehensive designs
and subsequent improvements, were analysed.The deformation process of a spherical aluminium shell was
studied by Oliveira et al. [6]. Here, thin and thick cells were analysed
under compression load between rigid plates, simulating bonded
and unbonded conditions. The effect of the boundary conditions of
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gg-box was also studied by Nowpada et al. [7] through a compar-
son of the free-edge condition, ﬁnite number of cells and in situ
onstraints. It was found that the energy absorbed by the in situ
onstrained frustum is 80% greater than that separated from the
gg-box panel with free edge boundary conditions.
Compression tests were performed and explained by Cartié [8]
n his attempt to analyse the extension of ﬁbre and resin prop-
rties on the panel characteristics. The main energy absorption
echanism was due to the extension of delamination, but addi-
ionally associated with tensile ﬁbre breaking leading to a drop
n load. Carrilo et al. [9] investigated a scaling effect that predicts
esponse parameters based on compression tests. It was proven
hat the damage threshold energy varies with the scaling effect.
hang et al. [10] described and explained the damage initiation
nd growth based on the load displacement curve obtained from
he crushing test. The transitions of the specimen from an intact
tate to a damaged state were observed. As the crushing continues,
ifferent trends appear after the peak level leading to the main load
ecrease.Although some work has been carried out to understand the
ffect of various sandwich geometries on energy absorption, there
s limited work reported on contoured core sandwich panels made
f composites. The present study investigates the properties of a
Fig. 2. Details of the design of the sox mould) and drawing of (b) cross section of the geometry.
range of ﬂat-roof and spherical-roof contoured core sandwich pan-
els made of carbon and glass ﬁbre composites to improve the energy
absorption for lightweight structures. The study was initially car-
ried out to characterise the quasi-static response of these panels
based on two  geometries of contoured core. Furthermore, the spe-
ciﬁc energy absorption properties of these novel sandwich panels
are compared with those offered by other types of core materials
and designs. Finally, a ﬁnite element analysis was  undertaken to
predict the crushing behaviour, energy absorbing characteristics
and the failure modes of these core materials, in a reasonably good
agreement with the experimental results.
2. Experimental work
2.1. Core designs
Two  types of core structures were investigated in this study.
Initially, aluminium moulds shown in Fig. 1(a) were used to man-
ufacture a series of ﬂat-roof contoured cores. The cross section
geometry of this contoured core mould is shown in Fig. 1(b). The
design of ﬂat-roof contoured panels are based on a same geome-
try described as egg-box panel by Zupan et al. [3] and Chung et al.
[4]. A second design, based on a core with spherical caps, was also
pherical-roof contoured core.
158 A.K. Haldar et al. / Materials Today Communications 8 (2016) 156–164
Table 1
Details of the glass ﬁbre and carbon ﬁbre reinforced epoxy composites [15].
Prepreg Resin type Resin content (%wt) Fibre type Weave style Laminate density
(kg/m3)
Thickness of one
ply cured (mm)
Curing
temperature (◦C)
Dwell time (Min)
n 1
1
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tGFRP Epoxy 40 ± 3 E-Glass Four Harness Sati
CFRP  Epoxy 53 ± 3 3k HTA Plain 
abricated using different aluminium moulds. This design is not
ymmetrical, having the upper and lower halves that are a combi-
ation of two different proﬁles as shown in Fig. 2. A more detailed
escription of this cell geometry is shown in Fig. 3. In Fig. 2, Section
-A, r is the radius of the curvature, this being 4 mm in the current
esign,  is the angle of the cell walls (50◦ in the present case), H is
he effective height, and h is the height of the contoured section.
The value of the height of the contour can be found from:
 = H − 2l (1)
here l is the distance between the effective height and the top of
he spherical, as shown in Fig. 3. The actual height of the core is
eﬁned as:
 = x tan ˛
2
+  2r
(
1 − 1
cos ˛
)
(2)
here x is the distance between the centres of two  adjacent domes.
Now, considering Section B-B in Fig. 2, the radius and slope of
he cell are same as those in Section A-A. However, the extended
nd actual heights are different, which are expressed by H* and h*
s:
∗ = H∗ − 2l (3)
∗ = x tan ˛√
2
+ 2r
(
1 − 1
cos ˛
)
(4)
he calculated actual heights h and h*for Section A-A and B-B are
.5 mm and 12.5 mm,  respectively.
.2. Manufacture of the cores
The above-mentioned cores were manufactured by using glass
bre reinforced plastic (GFRP) or carbon ﬁbre reinforced plastic
CFRP), details of which are given in Table 1. Individual sheets of
repreg were cut from continuous rolls and laid in moulds. A release
gent (CILRelease 1711E supplied by CIL-Bond) was  sprayed on
he interior surfaces of the moulds to ensure easy demoulding at
he end of the cure cycle. The GFRP cores were manufactured by
tacking 5, 10 and 15 prepreg plies in the moulds, yielding nominal
hicknesses for the cores of 0.5, 1.0 and 1.5 mm.  CFRP cores having
Fig. 3. Detailed design of the spherical-roof cell.750 0.1 145 90
390 0.25 120 90
the similar nominal thicknesses were produced by stacking 2, 4 and
6 prepreg plies in the moulds. The aluminium moulds were then
placed in a hot press and cured according to the manufacturer’s
speciﬁcations (Table 1).
2.3. Bonding between skin and core
Composite skins, based on either CFRP or GFRP according to the
core material, were bonded to the core using a two-part epoxy resin
(Araldite 420 A/B) supplied by Easy-Composites. The nominal skin
thickness was  0.5 mm.  The adhesive was cured in an oven at 120 ◦C
for approximately one hour.
2.4. Quasi-static compression
The specimens were subjected to quasi-static compression
using an Instron 4505 universal test machine. Testing was
initially conducted on 2 × 2 cell (i.e. 100 × 100 mm), then ﬂat-
roof contoured panels, followed by 3 × 3 cell (i.e. 60 × 60 mm)
spherical-roof panels. All the tests were undertaken at a crosshead
displacement rate of 1 mm/min and the testing was  interrupted
when the panel was  fully crushed. At least three tests were carried
out for each sample type. Compression stress-strain curves were
calculated from the applied force (normalised by the planar area of
the samples) and the crosshead displacement (normalised by the
original height of the samples).
3. Finite element modelling
Finite element models were developed to simulate the crushing
behaviour of these contoured sandwich panels subjected to quasi-
static compression.
3.1. Mesh generation, boundary and loading conditionsFig. 4 shows the ﬁnite element mesh of a contoured core based
sandwich panels. Here, the contoured cores were meshed using
six-noded triangular solid elements, while the skins using eight-
noded brick elements. The loading platens above and below the
Table 2
Properties of the woven fabric glass-ﬁbre reinforced plastic, (GFRP) and the woven
fabric carbon-ﬁbre reinforced plastic, (CFRP) [15].
Symbol GFRP CFRP Property
Eo1 [GPa] 23 48 Young’s modulus in longitudinal direction
Eo2 [GPa] 23 48 Young’s modulus in transverse direction
Eo3 [GPa] 5 1 Young’s modulus in thickness direction
o12 0.15 0.1 Poisson’s ratio in 1–2 plane
o13 0.15 0.1 Poisson’s ratio in 1–3 plane
o23 0.15 0.1 Poisson’s ratio in 2–3 plane
Go12 [GPa] 5 9 Shear modulus in 1–2 plane
Go13 [GPa] 5 9 Shear modulus in 1–3 plane
Go23 [GPa] 5 9 Shear modulus in 2–3 plane
r1t [MPa] 320 550 Longitudinal tensile strength
r1c [MPa] 260 150 Longitudinal compression strength
r2t [MPa] 320 550 Transverse tensile strength
r2c [MPa] 260 150 Transverse compressive strength
r12 [MPa] 100 120 Shear strength in 1–2 plane
r13 [MPa] 100 120 Shear strength in 1–3 plane
r23 [MPa] 100 120 Shear strength in 2–3 plane
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anel were meshed using rigid surface elements. The model has
 number of interfaces that need to be considered. These include
hose between the contoured core and skin, those between the skin
nd platen, as well as those between the composite contoured core
nd the platen. The platens are allowed to contact the contoured
ore in case the skin is damaged. Material properties of GFRP and
FRP composite cores are presented in Table 2, respectively.
.2. Modiﬁed 3D Hashin’s failure criteria
The Hashin’s failure criteria for ﬁbre reinforced composites are
vailable in ABAQUS, however they are limited to apply for 2D
ases, i.e. using shell or continuum shell elements. Therefore, in
rder to capture failure through its thickness, the modiﬁed Hashin’s
D failure criteria[11] are assigned into ABAQUS/Explicit using a
ser-deﬁned subroutine [12]. Those modiﬁed 3D failure criteria in
ontoured-core sandwich can be deﬁned in the (1, 2, 3) coordinate
ystem as given below:
Tension failure in warp and weft ﬁbre direction:
11 > 0, f1t =
(
11
r1t
)2
+
(
12
r12
)2
+
(
13
r31
)2
− 1 ≥ 0 (5)22 > 0, f2t =
(
22
r2t
)2
+
(
12
r12
)2
+
(
23
r23
)2
− 1 ≥ 0 (6)Fig. 5. Quasi-static stress-stain traces of ﬂat-roof contoured panels based on various
wall thicknesses of the core cell.
Compression failure in the warp (i = 1) and weft (i = 2) ﬁbre direc-
tion and through-the-thickness (i = 3) crush failure:
ii < 0, fic =
(
ii
r
ic
)2
− 1 ≥ 0 (7)
In-plane shear failure:
f12 =
(
12
r12
)2
− 1 ≥ 0 (8)
In Eqs. (5)–(8), r
ij
(i, j = 1t, 1c, 2t, 2c, 12, 23, 31)  are the material
strengths (Table 2). The progressive damage models for composites
are based on the degradation of the material stiffness, whose non-
zero matrix components can be expressed as:
C11 = (1 − d1)E01(1 − (1 − d2)(1 − d3c)023032)˝
C22 = (1 − d2)E02(1 − (1 − d1)(1 − d3c)013031)˝
C33 = (1 − d3c)E03(1 − (1 − d1)(1 − d2)012021)˝
(9a)
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C12 = (1 − d1)E01((1 − d2)021 − (1 − d2)(1 − d3c)031023)˝
C23 = (1 − d2)E02((1 − d3c)032 − (1 − d1)(1 − d3c)012031)˝
C13 = (1 − d1)E01((1 − d2)031 − (1 − d2)(1 − d3c)021032)˝
(9b)
C21 = (1 − d2)E02((1 − d1)012 − (1 − d1)(1 − d3c)013032)˝
C31 = (1 − d3c)E03((1 − d1)013 − (1 − d1)(1 − d2)012023)˝
C32 = (1 − d3c)E03((1 − d2)023 − (1 − d1)(1 − d3c)031013)˝
(9c)
C44 = (1 − d12)Go12
C55 = (1 − d2)Go23
C66 = (1 − d1)Go13
(9d)
here the di are the damage variables, namely, d1 and d2 corre-
pond to the failure in warp and weft ﬁbre directions, respectively,
3c describes through-the-thickness composite crushing failure,
nd d12 refers to the in-plane shear failure. Here, d1 and d2 take
ifferent values at tension and compression and are deﬁned as:
d1 = 1 − (d1t)(1 − d1c)
d2 = 1 − (d2t)(1 − d2c)
(9e)
Also
 = 1/(1 − o12o21 − o23o32 − o13o31 − 2o21o32o13) (9f)
n the equations above, the subscripts ”t” and ”c” denote tensile
nd compressive failure, respectively, Eo
i
, ij, Gij(i = 1, 2, 3) are the
oung’s moduli, shear moduli and Poisson’s ratios of the virgin
omposite material, which can be found in Table 2. Moreover, in
rder to ensure symmetry of the stiffness matrix, the Poisson’s
atios need to satisfy the following conditions, i.e.
o12
Eo1
= 
o
21
Eo2
,
o23
Eo2
= 
o
32
Eo3
,
o13
Eo1
= 
o
31
Eo3
(10).3. Implementation of the material model in ABAQUS/Explicit
The material model and the previously mentioned failure crite-
ia in ABAQUS/Explicit were implemented using the user-deﬁnedduring compression (*displacement ratio = displacement/the original height of the
VUMAT subroutine. This subroutine is called for each iteration.
This enables ABAQUS/Explicit to acquire the necessary information
according to the state of the material and its mechanical response
at each integration point within each element. A series of numeri-
cal studies with different durations were conducted for ﬁnding the
appropriate time step which results in negligible dynamic effects.
The suitable time step in this analysis was  found to be 0.1 s. Hashin’s
3D failure criteria are introduced as given in Eqs. (5)–(8). The given
material stiffness coefﬁcients are used to calculate the stresses
within the VUMAT subroutine. The failed element is removed from
the mesh when the failure criteria are satisﬁed to all integration
points within an element. By this way  the model stiffness in the
subsequent deformation is not resisted by the stress of the element.
3.4. Cohesive elements and material properties
Cohesive elements which are available in ABAQUS, were used
to model the resin layer located at the interface between the skins
and core [13]. Traction-separation model deﬁnes elastic response
by assuming an initially linear elastic behaviour at the beginning
phase, later followed by damage evolution. Elastic constitutive
matrix represents the elastic behaviour of the element. Here, the
true thickness of the cohesive layer (tc) should be used to determine
the diagonal terms in the elasticity matrix as follows:
Knn = Entc , Kss =
Es
tc
, Ktt = Ettc (11)
where En denotes stiffness along the normal direction, while Es
and Et along the tangential directions. The damage initiation and
damage evolution of cohesive layer were simulated by quadratic
nominal stress and energy criterion, respectively. When a quadratic
interaction function, involving the nominal stress ratios reaches
unity, it leads to damage initiation. Energy in conjunction with
a linear softening law forms damage evolution. The mechanical
properties of the cohesive elements were obtained from [14].
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Table 3
Summary of the experimental and numerical peak stresses.
Specimen ID Thickness of the
cell wall (mm)
Maximum Peak
(Experimental)
Maximum Peak
(FE)
GFFR1 0.5 0.49 0.57
GFFR2 1.0 1.29 1.21
GFFR3 1.5 1.59 1.80
CFFR1 0.5 0.51 0.60
CFFR2 1.0 1.31 1.20
CFFR3 1.5 1.75 1.62
GFSR1 0.5 1.85 2.05
GFSR2 1.0 2.90 3.18
GFSR3 1.5 5.55 5.90
CFSR1 0.5 1.39 1.55
core are shown in Fig. 9. The skins were also removed to assistig. 7. Quasi-static stress-stain traces of spherical-roof contoured panels based on
arious wall thicknesses of the core cell.
. Results and discussion
.1. Quasi-static compression on contoured sandwich panels
Fig. 5 shows stress-strain traces following tests on 2 × 2 ﬂat-
oof cores with cell wall thicknesses of 0.5, 1.0 and 1.5 mm.  The
urves for the GFRP materials exhibit a brittle mode of failure, with
igher peak stresses for the thicker samples, as shown in Fig. 5(a).
t the initial peak stress, cracks were initiated and propagated with
ontinued loading, causing a reduction in the structural stiffness.
he cone then started to buckle, leading to a sudden drop in stress.
he cell walls subsequently debonded from the skins, resulting in
 plateau region between strains of 0.1 and 0.5. During the later
tages of the test, the sample was completely crushed and the stress
tarted to increase rapidly, as shown in deformation modes in Fig. 6.
his is effectively the densiﬁcation threshold of the structure, which
as found to occur at strains between 0.6 and 0.8, in the traces
n Fig. 5(a). Tests on the CFRP panels indicated that they failed in
 progressive manner, resulting in a relative mild decline in the
tress-strain curves, Fig. 5(b). Here, the densiﬁcation occurred at
trains in a range of 0.7–0.9, indicating the CFRP panels having a
elayed densiﬁcation threashold.CFSR2 1.0 3.70 3.80
CFSR3 1.5 5.90 6.40
Compression tests were then performed on 3 × 3 cell spherical-
roof contoured structures. During these tests, both the GFRP and
CFRP panels responded in a linear elastic manner up to the peak
stress, as shown in Fig. 7(a) and (b) respectively. The response then
becomes nonlinear and the stress begins to decrease progressively
as the specimen ﬂattens between the plattens, with cracks and ﬁbre
fracture occurring within the structure. Similar to the ﬂat-roof, the
stress was  rapidly increased in spherical-roof panels, with increas-
ing cell wall thicknesses. For example, the maximum compressive
stress exhibited on the 1.5 mm GFRP contoured sandwich panel
is approximately three times of that of the 0.5 mm thick panel.
The traces for the thicker CFRP panels drop gradually, stabilising
at a signiﬁcantly higher plateau level than the GFRP counterparts.
Although the peak stress for the 0.5 mm GFRP panel based on ﬁve
plies was  higher than that of its CFRP counterpart, the subsequent
plateau stress was much lower. This is likely due to the brittle
nature of the failure, as well as occurrence of delamination between
the plies.
4.2. Numerical modelling of the compression response of ﬂat-roof
and spherical-roof contoured cores
Figs. 5 and 7 also include the predicted stress-strain traces for
the ﬂat-roof and spherical-roof contoured cores based on the GFRP
and CFRP, by the ﬁnite element models. The key features such as
initial stiffness, peak stress, plateau and densiﬁcation stages being
captured with very good correlation between the experimental
data and the numerical prediction. FE models can be used to esti-
mate the energy absorption up to the densiﬁcation stages. The
predicted traces for all three cell wall thicknesses exhibit a ﬁne
agreement in the succeeding plateau stages. The cores with the
thickest cell wall made from both the GFRP and the CFRP contribute
a slightly higher peak stress in ﬁnite element models as compared
to the experimental results. This may  be associated with a slight
variation on the wall thickness which is not considered in mod-
elling. A summary of the experimental and numerical peak stresses
is given in Table 3.
The progressive failure modes predicted were compared with
those captured experimentally, which indicates reasonable corre-
lation for specimens subjected to various levels of deformation,
as shown in Fig. 6. Fig. 8(a) and (b) display a completely crushed
sample and model with their skins removed. Clearly, the main char-
acteristics of the experimental failure modes are captured in the
model, in which ﬂattening of the ﬂat-roof contoured core and their
ﬁnal collapse are depicted here.
The progressive failure modes predicted in the spherical-roofviewing the progressive deformations. Clearly, the GFRP samples
exhibited a brittle failure, involving extensive crushing and matrix
cracking with ﬁbre fracture. Again, the matrix cracking observed
162 A.K. Haldar et al. / Materials Today Communications 8 (2016) 156–164
Fig. 8. Ultimately collapesed ﬂat-roof contoured core (GFFR1) (legend in meter).
Fig. 9. Crushed core of spherical-roof contoured panels (*displacement ratio = displacement/the original height of the core).
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wall value. The predicted energy absorption using the FE models
has also shown a good agreement with the experimental values.
The SEA of the current contoured panels was also compared
with bonded aluminium egg-box [3] and the best energy absorbing
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Flat roof GFRP FE Flat roo f CFRP FEFig. 10. Comparison of the GFRP spherical-roof cores pre
n the ﬁnally collapsed GFRP sample is reproduced by the ﬁnite
lement simulations, as shown in Fig. 9(a). On the contrary, the
FRP panels were failed in a ductile manner with the core almost
attened with matrix cracking, Fig. 9(b).
Further, numerical modelling of a unit cell and 2 × 2 unit cells
ade of GFRP was carried out on these spherical-roof contoured
ores to provide more comparisons of the experimental failure
ode and the simulated one. Fig. 10(a) and (b) show such compar-
sons, which clearly indicates that the numerical model provides
he reasonably good predictions of the failure modes.
.3. Comparison of the current contoured core panels with other
nergy-absorbing cores
In addition, since mass is a critical parameter when designing
nergy absorbers destined for use in weight-sensitive applications,
he speciﬁc energy absorption (SEA) was used in this study to char-
cterise the response of the panels. The SEA can be deﬁned as:
EA =
∫ ımax
0
(ı)dı

(12)
here  is the stress,  is the nominal strain and max is the nominal
ensiﬁcation strain. To make a comparison with the energy absorp-
ion of aluminium and composite egg-box panels [3,5], the value of
max was chosen up to a nominal strain of 0.6 in the current study.
 and  are the mass density of the solid material for composite
ores and the relative density associated with each material sys-
em, which is deﬁned as a mass of the panel divided by the mass of solid rectangular block of the same material enclosing the core.
he mass of the skin was eliminated from the calculations [5].
The SEA of the core structures was determined and the resulting
alues of the quasi-static speciﬁc energy absorption are presented by the numerical model with the experimental samples.
in Fig. 11. Here, it is clearly highlighted that the SEA value increases
with the cell wall thickness. For example, the average SEA value for
the CFRP spherical-roof with the thickness of 1.5 mm was approxi-
mately 10.95 kJ/kg, compared to 0.5 mm thick one, which is around
8.37 kJ/kg (Fig. 11). These differences are even greater for the GFRP
structures, which show that the 1.5 mm thick cell wall has a value of
8.07 kJ/kg, being over sixty percent greater than its 0.5 mm thick cell0 0.5 1 1.5 2
Wall Thickness (mm)
Fig. 11. Speciﬁc energy absorption of Spherical-roof and Flat-roof contoured struc-
tures made of CFRP and GFRP preprages.
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[14] D. Karagiozova, G. Langdon, G. Nurick, S.C.K. Yuen, Simulation of the response
of  ﬁbre–metal laminates to localised blast loading, International, J. Impact
Eng. 37 (2010) 766–782.
[15] M.  Rejab, W.  Cantwell, The mechanical behaviour of corrugated-core
sandwich panels, Compos. B: Eng. 47 (2013) 267–277.ig. 12. Energy absorption per unit mass of the current panels and data from the
iterature.
ystems from the reference [5], and the results are summarised as
 function of mass in Fig. 12. In general, the spherical-roof panels
ffer excellent energy absorbing capacities, with values being up
o ten times greater than the corresponding aluminium egg-box
anels. Further, the spherical-roof panels are 50–60 percent better
han the existing composite egg box panels in terms of SEA.
Relative to the other panels, the higher energy absorption capac-
ties of these spherical-roof contoured panels are likely to be
ssociated with the progressive failure mechanisms of the ﬁbre
nd matrix in the cap region. Chung et al. [4] observed that the
nitial cracking in egg-box panels occurred at the circular perime-
ers of the upper and lower surfaces that are in contact with the
lates/skins, as a result of the stress concentration there. How-
ver, no such regions of weakness exist in the spherical-roof, which
ay  explain the great improvement in the structural performance.
n addition, reducing the inner peak distance and the cell diame-
er gives a high density of cones throughout the structure, which
esults in an increased stiffness, hence, a higher stress level. This,
n turn, improves the energy absorption capability of the spherical-
oof contoured panels.
. Conclusions
The energy-absorbing characteristics of contoured composite
anels based on glass and carbon ﬁbre reinforced epoxy have
een evaluated at quasi-static loading. The peak stress and speciﬁc
nergy absorption of the core increase rapidly with increasing cell
all thickness. For a given material, the spherical-roof contoured
anels out-perform their ﬂat-roof counterparts with a higher stiff-
ess and the plateau stresses, resulting in a higher level of energy
bsorption.munications 8 (2016) 156–164
The performance of these panels is compared with the relevant
existing designs such as egg-box panels based on aluminium, GFRP
and CFRP, where it has been shown that the current spherical-roof
composite designs offer excellent levels of energy absorption per
unit mass, relative to egg-box type structures.
The predictions offered by the numerical models are found to
be in a reasonably good agreement with the experimental data.
The user-deﬁned subroutine with the failure criteria has been suc-
cessfully implemented into the material model in ABAQUS/Explicit
to simulate the structural response of the current contoured cores.
The validated models are ready to be used for further parametric
studies to assist designing any new contoured core structures.
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